and S. Bart and B. Maxwell (SatCon Technology Consultants) 1. ABSTRACT Currently under development at SatCon Technology Co. is a proof of principle, angular rate sensing gyroscope which operates with a closed ioop, electrostatic suspension. The prototype design will utilize an ohmically isolated rotor disc driven by multi-phase radial torque actuation. The rotor will be suspended radially and axially by fields produced from appropriately placed electrode elements. Angular rate will be detected as rebalanced rotor tilt. The inclusion of shared function electrodes for the sensors and actuators will minimize VLSI micro-machining complexity. To reduce stray capacitance, sensor FET guard driver circuitry will be placed close to the VLSI structure by means of hybridized construction.
INTRODUCTION
Micro-electronic fabrication technologies have recently been applied to produce novel micromechanical devices such as motors, infrared sensors, and linear actuators and accelerometers"2'3 to name a few. Their small size, expected robustness, integration compatibility with electronic circuits, and potential low cost are benefits which invite research. A gyroscope which employs a spinning rather than vibratory reference element for angular rate sensing does not require the design and sensing complications of attenuating spurious mechanical modes. If micro-fabricated, such an instrument can be designed to spin at much higher rates than large objects since, for a given yield stress, maximum angular velocity is inversely proportional to radius. A considerable drawback of rotating devices both large and small is the need for bearings which involve wear and associated errors. Early silicon microfabricated motors would operate only for hour like times before the bearing surfaces wore away4. However, active control of an electrostatically suspended non-contacting micro-gyro would eliminate the wear issue.
SatCon is in the fabrication and testing stage of a proof of principle, fully electrostatically suspended and rebalancing angular rate sensing micro-gyroscope. The structure is fabricated according to current VLSI micromachining methods. Performance targets include angular rate sensitivity of 0.01 O/ at 100Hz for 8.3 kHz (revolutions/s) spin rate. The prototype to be developed in this work is expected to be packaged as shown in Figure 1 . The mechanical gyro structure is to be fabricated with standard VLSI multi-layer polysilicon processing. The essential geometry comprises a spinning disc rotor surrounded by its sensing and actuating electrodes. This structure will be at the center of and connected to a hybrid arrangement which includes the FET front ends of the capacitive sensor set. Drive electronics and the sensor filters and demodulators will be off chip.
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For operation as a practical instrument, one would expect to place all electronics, lithium battery, and telemetering in one package.
GEOMETRY
The device consists of three types of electroquasistatic components -the motor drive, position sensors, and the non-rotary actuators for rebalance and suspension. As with suspended macroscopic gyros, the rotor is spun by a motor to produce angular momentum, suspended and controlled by force and torque actuators, and sensed by various position sensors.
Position control must be effected in both axial and radial directions requiring five sets of actuators, three for the upper and lower axial suspension so that height and tilt relative to the substrate may be set and two for radial centering. Additionally, the motor drive electrodes transfer sustaining torque for the spinning element. Electrode functions may be shared to reduce structural complexity. The active conductive layer of the rotor is composed of structural polysilicon and separated from the other conductive layers by an insulating silicon nitride layer.
In order to keep the fabrication complexity within the context of well developed processing techniques, we are attempting to reduce the geometry to two, structural conducting layers, a single insulating layer, and an electrode pattern at the base level. As shown in Figure 2 , the base layer (placed on an insulating layer if polysilicon "zero" or implanted as a pattern in the substrate) contains the pattern for sensing of tilt radial excursion, and the vertical (that is, normal to the substrate) actuation. Thus, sensing electrodes are separated from actuator electrodes. This will reduce the complexity of the control system requirements as well allow sensing at higher signal to noise ratios. The rotor is a single layer uniform polysilicon disc with articulated electrodes for application of drive torque across the radial gaps. When suspended, this rotor is at the same height as polysilicon #1 which includes the drive and radial centering electrodes. The polysilicon #2 layer is used for tilt and vertical positioning.
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SIZING
The target rotor diameter, 200 , was chosen as the largest size that could be fabricated without significant warpage due to residual stress buildup during fabrication. The rotation rate is constrained by stress limits in the rotor and electronics limits in the motor driver circuitry. A rate of 500,000 rpm (8.3 kHz) was chosen as a reasonable extension of current motor rates (about 20,000 rpm). This is well below the ultimate spin rate (about 10,000,000 rpm) determined by material strength limits.
The fabrication of this design requires a total of at least three conducting layers. For the current multi-user run at MCNC of North Carilina, process requirements constrain polysilicon zero thickness to about 0.3 j.m, polysilicon one to 2 m, polysilicon two to 1.5 jim, and the silicon nitride insulator to 0.5 jim. Axial and radial gaps range from 0.5 m to 2gm. A future reduction of design rule minimum for the gaps would have the advantage of allowing more accurate sensor measurements but at the cost of raising the unstable frequency and complicating the control problem. The current 2 m radial gap gives an unstable frequency of approximately 300 Hz.
A summary of system parameters is given in the 
SENSORS
Position sensing is achieved by the electrostatic detection of capacitance. Capacitive displacement sensors have been implemented in a variety of ways for macroscopic devices. In this application, a fixed oscillating voltage is used to drive a current across the air gap whose capacitance varies inversely with gap distance. The resulting current is inversely proportional to the gap length. Fixing voltage instead of current allows minimizing interaction among adjacent sensing circuits. High frequency modulation and demodulation allow good noise immunity. Though the capacitance of the microgyro axial gap will be only about iO' farads, the placement of the FET pre-amplifiers via a hybrid construction on the silicon substrate in conjunction with guard wires to the sensing electrodes will allow the dynamic range and sensitivity required to meet the resolution requirements. The sensors are driven at 100 kHz by SatCon designed electronics.
All sensor electrodes are placed below the rotor away from actuating electrodes. The electrode pattern over the substrate provides enough distinct current paths for separating radial position, tilt of the spin axis and overall axial position.
Sensor Electronics
The capacitance of the position sensor varies inversely with the distance from the sensor to the target and must be able to detect variations of the order of 1017 F. Stray parallel capacitance will affect both sensitivity and linearity of the measurement. External sources such as leads can be effectively guarded since the guard can be driver to the same potential as the sensing electrode, thereby obstructing the stray 30 / SPIE Vol. 2220 0.5 v current. A large fraction of the stray capacitance can be eliminated by placement of low capacitance circuit elements on the hybridized chip and on-chip guarding of silicon "wires" . Other spurious paths include the shunting by active electronic components such as FET gates. With this in mind, circuit design included driven guards and low input capacitance unity gain amplifiers.
Referring to block of Figure 3 , the 100 kHz oscillator drive signal is applied to the multiplier/bufferamp which sums with any relatively slowly varying control actuator currents. The resulting output is applied to the inverting node of a diff-amp and placed across a 1 M(] metering resistor to the active sensing electrode of the capacitor to be measured. The other capacitor electrode is ground. The potential at the active electrode is also placed across the inverting input of a low capacitance op-amp acting as a voltage follower which produces the driven guard voltage and the non-inverting input to the duff amp.
The guard voltage is connected in a feedback arrangement to the inverting node of the multiplier/buffer. Since the current in this feedback resister must follow the fixed oscillator amplitude, the oscillating guard potential is also held at a constant amplitude. The output of the diff-amp is now a 100 kHz signal whose amplitude is proportional to the sensed capacitance. This signal is then subjected to filtration and rectification and finally inverted into a usable measure of displacement. Schematic details and an explanation of the low capacitance input stages can be found in reference . 
ACTUATION AND MOTOR DRIVE ELECTRONICS Actuation
In general, actuators will be operated in pairs differentially about a bias voltage. Even though the relationship between the force (or torque) produced by the actuator and the voltage applied to its plates is inherently non-linear, FakV, operation about a bias Vb naturally linearizes the resultant force. In the block of Figure 3 , which in configured for a simplified test loop, the inverted sensor output is routed through a compensation network into the inverting node of the multiplifier/buffer and as describer earlier, will set the potential of the active electrode.
Motor drive
The spinning element of the gyro is a three-phase bipolar variable-capacitance motor. Since this motor type is synchronous, i.e. , produces torque only when the rotation frequency and excitation frequency are the same, it requires a variable-frequency drive source. In addition, the push-pull excitation required for each of the three bipolar phases will require six high-voltage output stages. The motor is driven with balanced bipolar voltages so that the rotor will remain near zero potential so that the axial actuators will not require a large DC bias.
Motor start-up will require that the excitation frequency start at the sub-Hertz level and ramp up to the full-speed value of 25 kHz. This is accomplished with a ramp generator and voltage-to-frequency (V/F) converter. The bipolar three-phase generator takes the single-phase output of the V/F converter and produces three square-waves with 120 degrees phase difference and their complementary signal for driving the output stages. In addition, the circuit generates the signal pair which develops the bipolar waveforms. The output circuit contains six high-voltage drivers, one for each bipolar phase, and can deliver up to 120V.
CONTROL DESIGN
A "rebalanced" gyroscope has a control system designed to hold the gyro in a constant position while it is subject to external forces. Since the controlled mass (the gyro rotor in this case) is held to a nearly constant position, the linearity of the sensors and actuators is improved, and the overall dynamics are simplified. A block diagram of the gyro as a control system is shown in Figure 4 . Angular rotations of the gyro support frame cause torques to be applied to the rotor. The mechanical dynamics of the rotor transform these forces and torques to rotor displacements. Sensors determine these displacements in relation to the reference position and the resulting error signal is sent to a control system. The control system sends the appropriate signals to the actuators, returning the gyro to a null position. Knowledge of the actuator dynamics allows the input rates to be estimated from the actuator control signals.
Thus, the controller must keep the orientation of the rotor fixed, in the null position, relative to the orientation of the "stator" frame of the gyroscope while it provides accurate measurement of the torque that is required to maintain the rotor in the null relative orientation. Analysis of the dynamics for this system6 showed dramatic variations from start to operational speed of 500,000 rpm with the plant evolving from a two-degree-of4reedom unstable pendulum to a system dominated by gyroscopic effects.
As a result a combination of compensators, optimal at different speeds, was found with corresponding tradeoff between high-speed performance and low-speed stability. These results are discussed in detail in reference 2.
TEST STRUCTURES
A set of structures compatible with the first two multi-user runs at MCNC was designed around a single nitride, two layer polysilicon process. Some of the corresponding masks are shown in Figure  5 . Structures included 6-pole motor with center bearings with diameters ranging to 250 m, "free" discs with axial gap actuators, a rotatable capacitance "gage" with a mechanical pointer for comparison, and a range of single-ended and bridge cantilevers.
The staictures exhibited mechanical and electrical behavior consistent with the imposed process constraints. Capacitance changes involving electrode areas parallel to that of the substrate plane (5C 1O-' F) were easily detectible even with commercially available 16 kHz gauges. Attempts to electrostatically lift perpendicular to the substrate plane, however, required much higher fields ( > 1O V/rn) than expected to overcome cantilever springs. This is consistent with permanent charge induced forces between the exposed insulating layer -a consequence of the limited process complexity-and a conducting movable element. Thus, cantilevers could be made to deflect in high fields and the corresponding changes in capacitance observed. The failure of attempts to rotate motor rotors was at first attributed to the charged induced stiction. However, it was found the rotors could be spun in and air stream and levitated in place yet showed no evidence of torque application even at fields as high as 108 V/rn. Thus far, attempts to measure the corresponding capacitance change with rotor alignment have failed.
Currently in process is a new set of structures designed primarily to allow testing of single degree of freedom lateral or angular position control using a closed loop sensor/actuators system. This run at MCNC includes an additional thin polysilicon base layer suitable for electrode patterning. Furthermore, a conducting layer can now be placed below conducting discs or rotors eliminating the trapped charged SP!E Vol. 2220 133 Figure 6 is actuated by a modified comb drive and can be biased to operation around an unstable position. The geometry of Figure 7 is a torsionally suspended disc with capability for both capacitive and mechanical angular deflection determination. Figure 8 is a composite mask for a geometry that may be suitable for a three-phase driven, sensed, and rebalanced polysilicon rotor to be used as the prototype gyroscope. Seen through the upper two poly layers, the thin poly zero layer is patterned for a central actuator and two triple sensor sets -the inner for tilt and the outer for radial excursion detection. Guard "wires" surround grounded or actuator 
SUMMARY
The goal of this work is development of fully suspended and rebalancing angular rate sensing microgyroscope fabricated according to standard VLSI techniques. Both actuation and sensing are achieved electrostatically. The prototype goal of this work will be assembled in a hybrid construction which includes the FET input stages of the sensors.
Two sets of VLSI fabricated test structures have been received and examined. Except for the inability to produce torque across radial gaps, the structures behavior is consistent with the limitations of a two polysilicon layer process. Another set of structures, which include an additional thin polysilicon base layer suitable for electrode patterning is in process at MCNC. This set should allow testing with single degree of freedom closed loop control system.
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